Background: Rotator cuff (RC) tears are common tendon injuries seen in orthopaedic patients. Successful repair of large and massive RC tears remains a challenge due to our limited understanding of the pathophysiological features of this injury. Clinically relevant small animal models that can be used to study the pathophysiological response to repair are limited by the lack of chronic repair models.
Shoulder pain is the most common cause for upper extremity complaints treated by physicians in the United States, ranking only behind back pain and neck pain for all musculoskeletal-related physician visits. 36 Rotator cuff (RC) tears are the primary cause of persistent shoulder pain in patients. 29 Although some patients with RC tears remain asymptomatic, the natural history of RC tears is that they progress with an increase in symptoms and tear size over time, eventually requiring surgical repair to resume shoulder function. 27, 28, 30 The outcomes of surgery depend primarily on 3 factors: size of the tear, age of the patient, and quality of the muscle at the time of repair. 5, 11 Secondary muscle degeneration, including atrophy and fatty infiltration (FI), are critical factors that determine the clinical outcome of patients with this injury. 3, 14 It has been demonstrated that the amount of muscle atrophy and FI directly correlates with high retear rates and poor clinical outcomes after surgical repairs. 6, 14 A number of small animal models are currently used to study tendon-to-bone healing as well as muscle degeneration in the setting of RC tears and simulated repair. 2, 17, 32 However, most small animal models include a nerve injury to generate significant atrophy, which further limits the translatability of these models. Further, the majority of existing small animal RC repair models consist of tendon transection followed by immediate repair, in which the degenerative tendon and muscle changes seen in patients with RC tears are absent, which limits the clinical relevance of these models. In this study, we developed a novel mouse model of delayed RC tendon repair. We evaluated tendon-to-bone healing, muscle histological features, and shoulder function with gait analysis in mice with delayed RC tendon repairs. In our pilot study, FI was induced at 6 weeks after tendon transection, so we chose 6 weeks as the time point for harvest and delayed repair. We hypothesized that a mouse model of delayed RC repair can be achieved by repairing torn supraspinatus (SS) and infraspinatus (IS) tendons at 6 weeks after tendon transection.
METHODS
All reagents used in this study were purchased from Fisher Scientific Corporation unless otherwise indicated.
Surgery Procedures
In this study, we used 105 female C57BL/6J mice (stock No. 000664; Jackson Laboratory) that were 3 months old. The C57BL/6J mouse is a common inbred strain of laboratory mouse that is widely used as a model in simulating many human diseases, including RC tears. 2, 7, 18 Twenty mice underwent unilateral (right side) SS and IS tendon tear (TT) without repair (5 mice for histological staining, 5 mice for SS tendon mechanical testing, 5 mice for IS tendon mechanical testing, and 5 mice for reverse-transcriptase polymerase chain reaction [RT-PCR] analysis; the same numbers were used in each repair group); 20 mice underwent TT followed by immediate repair; 40 mice underwent TT and delayed tendon repair at 2 weeks (n = 20) and 6 weeks (n = 20) after TT; 20 mice underwent sham surgery; and the last 5 mice served as baseline controls for gait analysis ( Figure 1 ). All surgeries were conducted by a sports medicine surgeon who has been engaged in clinical practice for 7 years. For the TT surgery, the right-side SS and IS tendons were completely transected as described previously. 25 For the repair surgery, mice underwent general anesthesia with 1% to 5% isoflurane with oxygen. After a 1-cm longitudinal skin incision was made on the right shoulder, a 0.3-cm longitudinal incision was made on the deltoid muscle to expose the RC tendons. The scapula was gently held with a microdissecting forceps (INS700141; Kent Scientific Corporation), and a No. 7-0 polypropylene suture on a P-6 cutting needle (8648G; Ethicon) was placed in the SS tendon. The SS tendon was then transected with a No. 11 scalpel blade (INS750240; Kent Scientific Corporation). As the humerus was held stable with the microdissecting forceps, a 0.5-mm tunnel was created at the anatomic position through the greater tuberosity with the above-mentioned needle (8648G). The same procedure was conducted on the IS tendon. Both tendons were then repaired to their anatomic positions, and the deltoid muscle and skin were closed (see Appendix 1, available in the online version of this article). An operating microscope was initially used for suture placement in the tendon, but the microscope was not necessary for the sports medicine surgeon after 1 month of performing these procedures. Each mouse received 0.05 mg/kg buprenorphine before each surgery and continuously 3 days after each surgery. All experiments were approved by the Institutional Animal Care and Use Committee of our institution.
Gait Analysis
DigiGait (Mouse Specifics) analysis was conducted to measure the shoulder function at 2 weeks and 6 weeks after the final surgery, as described previously. 2 All animals' weights were measured to confirm that there were no statistical differences among all groups before sacrifice (data not shown). All mice walked at 10 cm/s for 10 seconds on the DigiGait system. Stride length, stance width, paw area at the peak stance, and shared stance were the parameters chosen to assess forelimb function. Stride length and stance width were the length and width between the central part of each front paw. 8 Paw area at the peak stance was the maximum paw area in stride. 15 The 3 parameters indicated pain and the ability to load the limb. Shared stance was the percentage of stance at which the 2 hind paws touched the track simultaneously, indicating the weakness of forelimb function.
Muscular Harvesting and Wet Muscle Weight
All mice were sacrificed at 6 weeks after the last surgery. 
Histological Testing
The SS (n = 5 per group) and IS (n = 5 per group) muscles were mounted on cork disks with 10% wt/vol tragacanth gum (Sigma-Aldrich) in water, flash-frozen in liquid nitrogen-cooled 2-methylbutane, and then cryosectioned at a thickness of 10 mm. 25 Masson trichrome (American MasterTech) and Oil Red O (ORO; Sigma) stains were used to assess the fibrosis and FI in SS and IS muscles. Shoulder joints were fixed overnight in 4% paraformaldehyde and decalcified for 2 weeks in 10% EDTA. After dehydration in grading ethyl alcohol and xylene, samples were embedded in paraffin and then sectioned at a thickness of 5 mm. Hematoxylin and eosin (H&E) staining was performed to assess the morphological features of both SS and IS tendons. Slides were covered with 10% glycerol in phosphate-buffered saline (for ORO) or 50% resinene in xylene (for H&E and Masson trichrome) and observed on an optical microscope (Axio Imager; Zeiss).
Pictures were analyzed with ImageJ (National Institutes of Health). Cross sections were chosen randomly from mid-bellies of SS and IS. All pictures were assessed by 2 blinded researchers. Cross-sectional area (CSA) was measured for muscle fibers in 5 randomly selected areas on sections from mid-bellies of SS and IS muscles; 600 to 2000 fibers in each sample were calculated. The area fraction of collagen was calculated by dividing the area of Aniline Blue staining by the entire sample area. Similarly, the area fraction of fat was assessed by dividing the area of ORO staining by the entire sample area. The images were measured by the 2 observers, and the average value was calculated for each sample as described previously. 25 
Tendon Mechanical Testing
The initial CSA (Thickness 3 Width) and length of tendon were measured with a custom laser device. 33 Intact, unrepaired, and repaired SS and IS tendons were subjected to uniaxial tensile tests to failure in a mechanical loading frame (ElectroForce 3200; Bose). SS or IS muscle was glued between narrow strips of sandpaper with cyanoacrylate (Loctite Super Glue Gel Control) as the bonding agent.
The sandpaper was gripped with a custom grip, and the humerus was potted in smooth cast mixture (Smooth-On Inc). The humerus was held at about a 30°angle (for SS) or 90°angle (for IS) to ensure that the tendons were parallel to the actuator. For IS tendon, to hold the humerus horizontally when potting, a custom post was designed by use of SolidWorks (Dassault Systèmes) and then printed with a 3-dimensional printer (Flashforge) using polylactic acid filament (Filaments.ca). To provide each specimen with a uniform strain history before loading, each was preconditioned for 6 oscillation cycles at 1 Hz between 0 and 1 mm displacement. Specimens were vertically stretched by use of a linear ramp loading profile at a strain rate of 0.03 mm/s. Vertical force and displacement were recorded in real time, and ramping was terminated after failure, indicated by a 1.5-N decrease in force. Maximum load, displacement, stiffness, strength, and the location of rupture were measured for each sample as described previously. 34 
RT-PCR
RT-PCR was performed to examine the muscle atrophy (Atrogin-1, MuRF-1), 13, 24, 26 fibrosis (a-SMA, Collagen-1a, Collagen-3a), 23, 26 and FI (PPAR-g1, PPAR-g2, c/EBP-a, ADIPOQ) 4, 16, 26 related gene expression in the RC muscles. Total RNA for both SS (n = 5 per group) and IS (n = 5 per group) was extracted using Trizol reagent according to the manufacturer's instructions. Transcriptor First Strand cDNA Synthesis Kit (Roche Applied Bioscience Inc) was applied to synthesize cDNA. RT-PCR was performed to quantify gene expression using SYBR Green Detection and an Applied Biosystems Prism 7900HT detection system. Sequences of the primers for target genes are shown in Appendix 2 (available online). The expression level of each gene was normalized to that of the housekeeping gene S26. S26 is a common housekeeping gene that is expressed stably in mouse muscle. Fold changes relative to sham controls were calculated by DDCT.
Statistical Analysis
Analyses of variance with Tukey post hoc comparisons were used to calculate differences in the percentage wet muscle weight change, area fraction of collagen, area fraction of fat, and gene expression among all groups. For the 6-week delayed repair group, Pearson correlation coefficient was used to evaluate the correlation between the functional data (gait analysis) and the muscle or tendon data (percentage wet muscle weight change, fat area fraction in muscle, or tendon mechanical testing). Statistical significance was set at P \ .05.
RESULTS

Tendon Histological Assessment
H&E staining showed that SS and IS tendons were reattached to the humeral head in the immediate repair, 2-week delayed repair, and 6-week delayed repair groups.
Although more synovial tissue proliferation and unorganized tendon were found in the 2 delayed repair groups when compared with the immediate repair group, no gapping was seen in the tendon from the suture hole to the humeral head cartilage for all samples from the 3 repair groups. However, in the TT group, only loose scar tissue was seen between the torn tendons and humeral head (Figure 2 ).
Muscle Atrophy, Fibrosis, and Fatty Infiltration
The TT group and the 6-week delayed repair group had significantly more muscle weight loss and smaller muscle fiber CSA compared with the sham group, the immediate repair group, and the 2-week delayed repair group (P \ .05). No statistical differences were found among the sham group, the immediate repair group, and the 2-week delayed repair group (P . .05) (Figure 3 ). Masson trichrome and ORO staining demonstrated significantly more fibrosis and FI in SS and IS muscles from the TT group and the 6-week delayed repair group, with only minimal fibrosis and FI seen in the immediate repair group and the 2-week delayed repair group (Figure 4) .
Mechanical Testing
Mechanical testing demonstrated that mechanical properties (maximum load, stiffness, and strength) of SS and IS tendons from the TT group were significantly inferior to those in the other 4 groups (P \ .05). No differences were found among the 3 repair groups (P . .05). In addition, all tendons from the TT group failed at the junction between the scar and the humeral head. However, the majority of failures for the tendons from the sham group and the 3 repair groups occurred in the tendon-muscle junction, indicating that both SS and IS tendons were well healed to the insertion site on the humeral head (Table 1) .
Gait Analysis
DigiGait analysis exhibited abnormal upper limb gait at the surgery side in animals from all surgery groups (except for sham) at 2 weeks after the last surgery. At 6 weeks, although other groups recovered, shoulder function in the TT and the 6-week delayed repair groups remained inferior to the control group (P \ .05) ( Figure 5 ). Correlation coefficient analysis showed no significant correlations between mechanical properties of SS (or IS) tendon and gait analysis. However, both percentage wet muscle weight change Figure 2 . Hematoxylin and eosin staining of supraspinatus (SS) and infraspinatus (IS) tendon (3100). SS and IS tendons were reattached to the humeral head in the 3 repair groups, although more synovial tissue proliferation and scar tissue were found around the tendon in the 3 repair groups compared with the sham group. Only scar tissue was seen between torn tendons and humeral head in the tendon tear (TT) group. B, bone; I, interface; S, suture; ST, scar tissue; T, tendon. and fat area fraction showed significant correlation with stride length, stance width, and paw area at peak stance ( Table 2 ), suggesting that muscle quality was a primary factor in surgical outcome in these groups.
Gene Expression
Atrophy, fibrosis, and FI-related gene expression were significantly up-regulated in the TT group (3.0-to 4.0-fold, compared with sham) and the 6-week delayed repair group (2.0-to 3.5-fold, compared with sham), while no significant differences were found in the immediate repair group and the 2-week delayed repair group (Figure 6 ).
DISCUSSION
Chronic RC tears lead to degeneration of the RC muscles, with atrophy and FI increasing with the size of the tear. This is seen in populations with anterior rotator cable Figure 4 . Trichrome staining (A-E and K-O, 3200) and Oil Red O staining (F-J and P-T, 3100) of the supraspinatus (SS) and infraspinatus (IS) showed significant fibrosis and fatty infiltration in SS and IS muscles from the tendon tear (TT) group and the 6-week delayed repair group, while only minimal fibrosis and fatty infiltration were seen in SS and IS muscles from the immediate repair group and the 2-week delayed repair group. (U-X) Significantly higher area fractions of collagen and fat were found in both SS and IS from the TT group and the 6-week delayed repair group. Area Compared with the sham group, the difference was significant (P \ .05).
c Compared with the tendon tear group, the difference was significant (P \ .05). Figure 5 . Gait analysis of injured forelimb. (A) At 2 weeks after the last surgery, the 3 parameters (stride length, stance width, and paw area at the peak stance) in the tendon tear (TT) group, 2-week delayed repair group, and 6-week delayed repair group were significantly reduced compared with baseline and the sham group. (B) At 6 weeks after the last surgery, the 3 parameters in the 2-week delayed repair group were recovered; however, the 3 parameters remained at a low level in the TT group and the 6-week delayed repair group compared with baseline and the sham group. Solid lines indicate P \ .05. Error bars indicate the SD.
tears as well as patients with large and massive tears: RC muscles often show marked muscle atrophy and FI observed by both computed tomography and magnetic resonance imaging (MRI) and on visual inspection at the time of surgical intervention. 20 In the present study, muscle atrophy after chronic tendon tears was verified by wet weight loss and reduction of muscle fiber CSA histologically. Muscle FI was verified with histological analysis with ORO fat staining. Histological findings of muscle atrophy and FI, which were proved to be highly correlated with MRI analysis in our mouse model, 35 are supported by significantly increased expression of atrophy, fibrosis, and FI-related genes as measured with RT-PCR at 6 weeks after tendon transection. These data suggest that muscle atrophy and FI at 6 weeks after tendon transection represent muscle degeneration seen clinically in patients with chronic RC tear. Thus, we believe a model of delayed repair at 6 weeks after tendon transection represents tendon repair in patients with chronic RC tear seen clinically.
In this study, we developed a novel, clinically relevant mouse model of delayed RC tendon repair. Although torn SS and IS tendons can be successfully repaired as late as 6 weeks after transection, muscle atrophy and FI of muscles with impaired shoulder function persisted even after successful tendon repair, similar to what is seen clinically in many patients. This model will allow for the study of cellular and molecular changes after RC repair, the use of genetically manipulated animals to study these changes, and the study of pharmacological and cellular therapies to improve healing in chronic RC injury.
Similar to other fields in orthopaedics, animal models are powerful tools for the study of human RC tear pathogenesis and treatment. RC tear models have been successfully developed in mouse, rat, rabbit, dog, sheep/goat, and nonhuman primates. 9, 21 However, few RC repair models are available at present, and most are in larger animals or involve acute repairs. Bell et al 2 reported a mouse model of immediate posttransection repair of SS tendon. Kovacevic and colleagues 19 reported a rat RC acute repair model. Delayed RC repair models have been reported only in rabbit 22 and sheep. 12 Because degenerative tendon lesions and muscle atrophy/FI exist only in chronic RC tears, delayed repair models have significantly higher clinical relevance compared with acute repair models. Although larger animals may have similar size (but not necessarily anatomic features) of RCs compared with humans, the mouse model of RC tears has a unique and significant advantage due to the available large pool of transgenic and knockout mice, which serve as powerful tools in defining molecular mechanisms of RC diseases. Further, unlike other quadrupeds, mice use their upper extremities for feeding, cleaning, and climbing, like humans. This model will help elucidate the biological factors associated with both RC injury and repair.
We found that a reproducible surgical procedure can achieve RC tendon-to-bone healing as late as 6 weeks after the tendon was detached. Although visible degenerative changes were seen on torn RC tendons at the time of repair, both histological and mechanical testing showed similar outcomes compared with immediate repair or 2-week delayed repair. This finding suggests a considerable treatment window for repairing RC tendons after they are transected in a mouse model. However, our histological analysis showed persistent muscle FI in the 6-week delayed repair group, with only minimal FI seen in the 2-week delayed repair group. This finding suggests that this model closely mimics what is seen in successful human repairs and will allow for testing of muscle-based treatment strategies to improve muscle quality.
Analysis of upper limb gait during downhill running has been used to measure shoulder function after RC tears in other studies. 1 We found that gait analysis was highly reproducible and was able to demonstrate differences in tear healing as well as improvements in function as animals recovered. Further, we found that reduced shoulder function was closely correlated with RC muscle FI regardless of whether there was a successful tendon repair (the 6-week delayed repaired group). This finding suggests that RC muscle properties may be as important for shoulder function as a successful tendon-to-bone healing after delayed tendon repair. This finding is consistent with clinical studies which showed that FI persisted even after successful RC repair. 6, 31 Thus, since RC muscle has a relatively narrow window before undergoing fatty degeneration, prevention of RC muscle fatty degeneration may be considered an important factor when determining a proper treatment window for RC tendon repair.
Like all mouse and rat RC tear models, the SS and IS tendon can spontaneously reattach after transection with scar tissue. However, our histological and mechanical testing showed that this spontaneous reattachment with scar tissue is not a functional healing of torn tendons. The scar tissue with randomly misaligned collagen fibers had significantly weaker strength compared with surgically repaired tendons. More important, spontaneous healing of torn tendons did not prevent the development of muscle atrophy and FI after tendon transection. Mice with spontaneous tendon healing also had significantly impaired gait compared with animals that had immediate or short-term delayed tendon repairs. Thus, in this mouse model, a surgical repair (earlier than 6 weeks) is needed to prevent muscle atrophy and FI and to restore normal shoulder function after tendon tears.
We found that RC muscle weight loss and fat content, rather than tendon mechanical properties, were significantly correlated with shoulder function as assessed with gait analysis. This finding suggests that healthy muscles are critical to maintain normal shoulder function. Muscle weight loss and FI severity may be 2 factors that predict shoulder function recovery at the time of tendon repair. Although tendons healed well, long-term delayed RC tears did not improve muscle weight or correct muscle FI, resulting in reduced shoulder function in mice. Thus, treatments to prevent and/or reduce muscle weight loss and FI are needed to restore shoulder function after repair, which this model should help test.
Besides spontaneous healing of RC tendons with scar tissue after transection, as discussed above, several other limitations apply to this model. First, our chronic repair model allows for 6 weeks of atrophy and FI, but patients often have tears for years before the development of muscle changes. However, the muscle changes seen in this model are similar to those seen in chronic RC injury clinically, so we believe that this amount of time, while not truly a chronic injury, represents the pathophysiological process seen within the muscle. Further, we did not have a 12-week TT group, which limits direct comparisons. Second, shoulder anatomic features and function of mice differ from those of humans. Different from human and other bipedal animals, mice are quadrupedal and thus their shoulder joints are weightbearing. However, mice RC shares many similarities with human RC. For example, the insertion sites of SS and IS muscles on the humerus in mice are similar to those in humans. Mice also use these SS muscles to lift their forelimbs above their shoulders for tasks including climbing and feeding. Third, the RC repair technique used in the mouse model is different from that used clinically. Due to the small size of the mouse humeral head, it is technically difficult to place anchors as is done in clinical cuff repairs. Thus, we sutured torn tendons directly to the humeral head with a No. 7-0 suture in this model, closely resembling a more traditional open repair. Fourth, shoulder function measured in this model is limited to gait analysis. Factors such as active shoulder range of motion or other shoulder functions that are examined in patients with RC tear cannot be determined in mice. Thus, we used forced running gait analysis as the major outcome for shoulder function in this model. Our data showed that gait analysis was highly reproducible and correlated well with RC muscle atrophy and FI. We will consider direct measurement of SS and IS muscle contractility in future studies, but such measurement was beyond the scope of the present study. Further, gait analysis allowed for sequential study of the same animal, limiting the number of animals needed for this study.
In conclusion, we developed a novel, reproducible, clinically relevant mouse model of delayed RC tendon repair. This model will allow for the study of cellular and molecular changes after RC repair, the use of genetically manipulated animals to study these changes, and the study of pharmacological and cellular therapies to improve healing in chronic RC injury.
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